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THERMOVISCOPLASTIC RESPONSE OF Ti-15-3
UNDER VARIOUS LOADING CONDITIONS

M. Tuttle, Associate Professor
J. Rogacki, PhD Candidate

Department of Mechanical Engineering, FU-10
University of Washington
Seattle, WA 98195

INTRODUCTION

Metal matrix composites (MMCs) are candidate materials for use in high
temperature, high loading applications. In particular, an MMC consisting of a titanium
alloy reinforced with silicon-carbide fibers is being considered for use on the National
Aerospace Plane (NASP). Compared to other metals and metallic alloys, titanium alloys
retain relatively high stiffness, strength, and corrosion resistance at elevated
temperatures. However, above roughly 316°C (600°F) titanium exhibits a significant
thermoviscoplastic (i.e., “creep”) respbnse. Since the temperatures encountered in many
regions of the NASP are expected to exceed 316°C, the potential thermoviscoplastic
behavior of titanium-based MMC's at elevated temperatures must be thoroughly

investigated.

The present study was initiated in February 1989 via a grant from the NASA-Langley
Research Center (NAG-1-974). The long-term objective of the study is to develop a
combined experimentai-analytic methodology for predicting the thermoviscoplastic
behavior of multi-angle MMC laminates [1,2]. Briefly, the approach is to first model the
thermoviscoplastic behavior of the fiberless (i.e., unreinforced) titanium matrix. Once a
constitutive model which adequately describes the behavior of titanium has been

identified, the viscoplastic behavior of unidirectional composites will be predicted



through the use of the rule-of-mixtures. Then, the behavior of multi-angle laminates will

be predicted by combining rule-of-mixtures-type relationships with lamination theory.

Perhaps the most crucial aspect of the study is selection of a constitutive model to
describe the thermoviscoplastic behavior of titanium. Four constitutive models are
currently being considered: the Bodner-Partom model [3-5], the Miller model [6-9], the
Walker model [10], and the Eisenberg model [11,12]. The first three of these are
categorized as *“unified” (or “coupled”) theories, so called because in these theories no
distinction is made between "plastic™ and “creep” strains and hence these theories do not
involve a yield surface. The Eisenberg model does include a yield surface, and therefore
belongs to the class of models referred to as “"uncoupled” theories. Each of these models
involve various material constants which must be measured experimentally. Hence, an
extensive testing program has been undertaken to evaluate these material constants for a

particular titanium alloy.

The thermoviscoplastic models will not be further discussed herein. Rather, “the

objective of this report is to describe an ex"tensiv'é ‘data base which has been generated In
~support of the analysis. The stress-strain-time response of fiberless titanium specimens

subjected to four distinct types of loading histories and at three different elevated
temperatures has been measured. The data collected will éventually be used to deduce the
material parameters associated with the four thermoviscoplastic constitutive modeis
mentioned above. In addition to these material characterization tests, various "complex”
tests have been performed. The complex tests will provide "benchmark” data. That is,
once the material parameters associated with a constitutive model have been determined,
the model will then be used to predict the behavior undrer the complex test conditions.
The comparison between measurement and prediction will serve to indicate whether the
model is suitable for use with the titanium-based MMC under consideration. Three types
of specimens have been used during these complex tests: fiberless titanium specimens,
unidirectional [0°] and [90°] SCSe/Ti composite specimens, and crossply [0°/90°]s SCSe/Ti
composite specimens.

il

The data files colledéd during the study contain a large number of data points. The



contain 4000 - 5000 data scans. The data is presented in this report in the form of
graphs and tables. If desired, a copy of the original data files on computer diskettes can
also be obtained. The interested reader should contact the first listed author (Dr. M. E.
Tuttie, University of Washington) for instructions on obtaining a copy of the data on

computer diskettes.

In addition to mechanical testing, a limited number of specimens have been
inspected using optical and scanning electron microscopy. The objective of this
inspection was to determine if any gross changes in the crystalline microstructure of Ti-
15-3 occur during thermomechanical loading. Results of this inspection will also be

presented in this report.



The TI-15-3 Alloy

The specific titanium alloy being investigated is the Ti-15V-3Cr-3AI-3Sn alloy,
commonly referred to as “Ti-15-3." Ti-15-3 is a metastable beta strip alloy, used where
cold formability and high strength are desired. The alloy is weldable, ageable to high
strength, and relatively insensitive to corrosive environments. Ti-15-3 also provides
cost advantages when compared to other titanium alioys [13]. Because Ti-15-3 is readily
available in the form of thin sheets, it may be an ideal matrix for titanium-based

composites.

The metastable betaipharé'é?:ﬁlﬁdéjr'éo'és a rapid phéée transformation to the more
stable (and brittle) alpha phase when subjected to elevated temperatures. This change in
microstructure may be accompanied by changes in the macroscopic behavior of the
material (i.é., changes in stiffhess; sfrength, creep rates, etc.). Therefore, in the present
study all specimens were subjected to a heat treatment prior to testing, which was
intended to stabilize the microstructure. The heat treatment consisted of exposure to
649°C (1200°F) for one hour, followed by an air quench. Transformation from the beta to
alpha phase during the heat treatment was confirmed using optical and scanning electron

microscopy, as will be discussed in a later section.

Description of the Test Matrix

The testing program involved tests at three different temperatures: 482°C, 566°C,
and 649°C (900°F, 1050°F, and 1200°F). Threr following five types of tests were
conducted, as described individually in subsequent sections: creep tests, constant strain
rate (CSR) tests, cyclic constant strain rate (CCSR) tests, constant stress rate (CoR)
tests, and "complex” tests. The test métrix is éumfﬁaﬁzéd in Tables 1 through 4. The
creep tests were performed at the University of Washington in Seattle, WA, while the

CSR, CCSR, and CoR tests were conducted at the NASA-Langley Research Center in
Hampton, VA.

J———



Creep Test| Creep Stress Temperature No. Repeated
Condition (MPa) (°C) Tests
No. (Test Numbers)
1 34.5 482 2
(U1, U2)
2 34.5 566 1
' (U4)
3 34.5 649 2
_ (U5,U8)
4 68.9 482 2
(U7,U8)
5 68.9 566 2
(U9,U10)
6 68.9 649 ' 2
(U11,U12)
7 103.4 482 2
(U13, U14)
8 103.4 566 2
(U15, U16)
9 103.4 649 2
' (U17, U18)
10 138.0 482 2
(U19,U20)
11 138.0 566 2
, (U21,U22)
12 138.0 649 2
(U23,U24)
13 172.4 482 1
(U26)
14 172.4 566 2
7 (U27, U28)
15 172.4 649 2
(U29, U30)

Table 1: Creep Tests conducted at the University of Washington.

Load Rate Stress Rate Temperature
Test No. Type (N/sec) (MPa/sec) (°C)
L40 CoR 44.48 2.6 21
L41 CoR 88.96 52 21
L42 CoR 44.48 2.6 482
L43 CoR 44.48 2.6 649

Table 2: Constant Stress Rate tests conducted at the NASA-Langley Research Center



Test Test Strain Rate Temp
No. Type {m/m/sec) (°C)
L1 CSR 1X10-4 482
L2 CSR 1x10-4 566
L3 CSR 1x10-4 649
L4 CSR 5x10-4 482
L5 CSR 5x10-4 566
L6 CSR 5x10-4 649
L7 CSR 1x10-3 482
L8 CSR 1x10-3 566
L9 CSR 1x10-3 649
L10 CSR 5x10-3 482
L11 CSR 5x10-3 566
L12 CSR ~ 5x10-3 649
L13 CSR 1x10-2 482
L14 CSR 1x10-2 566
L15 CSR 1x10-2 649
L16 CCSR 1x10-4 482
L17 CCSR 1x10-4 5686
L18 CCSR 1x10-4 649
L19 CCSR 5x10-4 482
L20 CCSR 5x10-4 566
L21 CCSR 5x10-4 649
L22. CCSR 1x10-3 482
L23 CCSR 1x10-3 566
L24 CCSR 1x10-3 649
L25 CCSR 5x10-3 482
L26 CCSR 5x10-3 566
L27 CCSR |+ 5x10-3 649
L28 CCSR 1x10-2 482
L29 CCSR 1x10-2 566
L30 CCSR 1x10-2 649

Table 3: Constam Stram Rate (CSR) and Cyclic Constant Stram Rate (CCSR) Tests
conducted at NASA LaRC



Test | Specimen| Temp

Number Type {°C) Test Description

U31 | Fiberless| 482 ~ Multi-step Creep (48 MPa/96 MPa)
U33 Fiberless|] 482 Multi-step Creep (48 MPa/96 MPa)
U34 | Fiberless] 566 Multi-step Creep {48 MPa/96 MPa)
U35 Fiberless | 649 Multi-step Creep (48 MPa/96 MPa)
U36 Fiberless 649 Multi-step Creep (48 MPa/96 MPa)
u3s [0°] 566 Multi-step Creep (48 MPa/96 MPa)
U41 [90°] 566 Creep at 48 MPa (premature failure)
L33 [0°] 649 Multi-strain rate and stress relaxation
L34 [90°] 482 Multi-strain rate and stress relaxation
L35 [90°] 566 | Multi-strain rate and stress relaxation
L36 [90°) 649 | Multi-strain rate and stress relaxation
L37 [0°/90°]s 482 | Constant strain rate (premature failure)
L38 [0°/90°]s 566 Const strain rate and stress relaxation
L39 | [0°/90°)s | 649 Const strain rate and stress relaxation

Table 4: "Complex" Tests (Tests Numbered "Uxx" Were Conducted at the University of
Washington; Tests Numbered "Lxx" Were Conducted at the NASA-LaRC)

Mechanical Testing Equipment Used

Creep Tests, All creep tests were gonducted at the University of Washington. The tests
were performed using a SATEC Model G creep rupture tester, equipped with a high
temperature furnace. The furnace can provide test temperatures up to 1093°C (2000°F:').
Axial strains were measured using a SATEC Model 200 high temperature extensometer,
equipped with an ATS linear-variable-differential-transformer (LVDT). The LVDT was
used to measure displacements and hence strains over a 5.08-cm (2-in) gage length.
Displacement data was recorded automatically using an A/D board mounted within an IBM
PC/AT. Temperature was monitored using three type K chromei-alumel thermocouples

mounted along the gage length of each specimen.

CSR. CCSR. and CoR Tests: The constant strain rate, cyclic constant strain rate, and
constant stress rate tests were all performed at the NASA-Langley Research Center. The
tests were performed using one of two MTS Model 810 load frames. Both frames are

capable of fully reversed, load- or strain-controlled loading, and are equipped with



Instron liquid-cooled hydraulically-activated grips. One load frame is equipped with an
induction furnace which uses two infrared pyrometers for temperature control, while the
second load frame is equipped with a quartz lamp heating system equipped with
thermocouples to provide temperature control. Load and displacement (i.e., stress and
strain) data were collected in both cases using a Nicolet XF-44 data acquisition system.

A back-up analog record was also obtained using an X-Y plotter.

Specimen Preparation

Specimens used during the creep, CSR, and CoR tests were all machined from 13-ply

“parent” panels of Ti-15-3. The parent panels were purchased from Textron Specialty

Materials, Inc (LdWéIVIV,WMA)K ‘and were proddée& 'b;;"rngt'rofﬁ 'hsrirfiarftﬂ; "Hlb" (Hortr Isostatic
Pressure) process. The HIP treatment consolidated 13 individual Ti-15-3 sheets, so as to

form a "fiberless™ composite.

Nominal machined specimen dimensions were 0.145 x 1.27 x 15.24 cm (0.057 x 0.50
x 6.0 in). The specimens were received in an annealed condition and were subsequently
aged at 649°C (1200°F) for one hour prior to testing. As previously mentioned this

thermal aging was intended to stabilize the microstructure.

Thicker specimens were required for the CCSR tests so as to avoid buckling during
the reversed (i.e., compressive) loading portion of the test cycle. The CCSR test
specimens were machined from a solid plate of Ti-15-3 to nominal dimensions of 0.76 x
0.76 x 12.7 cm (0.3 x 0.3 x 5 in). All of the specimens were received in an annealed

condition and were subsequently aged at 649°C (1200°F) for one'hour prior to testing. - =



Creep Tests

During the creep tesis a constant tensile load was applied to the specimen using the
lever-arm creep frame, and the resulting axial strain was monitored as a function of time.
In most cases the creep test was continued until a steady-state (i.e., constant) creep rate
was reached, although in a few cases (i.e., at the highest temperature and highest stress

considered) specimen failure occurred prior to reaching steady-state creep.

As previously indicated in Table 1, creep tests were conducted at 482°C, 566°C, and
649°C and at five different stress levels ranging from 34.5 MPa to 172.4 MPa. Fifteen
different creep test conditions were used. Two replicate tests were conducted at each
test condition, with the exception of test conditions 2 and 13. The two data files
obtained at a given test condition were combined into one data fiel and smoothed using a
commercially-available software package called Passage 1l [14]. The data collected in
this manner are presented in Appendix A. The creep response is presented at common
temperatures of 482°C, 566°C, and 649°C in Figures A1-A3, respectively. This same data
is replotted at common stress levels ranging from 345 to 172.4 MPa in Figures A4
through A8.

Creep compliance curves which correspond to the data shown in Appendix A are
presented in Figures 1 through 3. Creep compliances at 482°C are presented in Figure 1.
Curves for five distinct stress levels are shown. The compliance measured at 34.5 MPa
was markedly higher than those measured at the other four stress levels, and hence it is
suspected that the data collected during this test is in error. With the exception of the
34.5 MPa compliance curve, the remaining four curves show that the compliance Iis
essentially independent of stress level at 482°C. This implies that the behavior of Ti-15-
3 is linearly viscoplastic at temperatures at or below 482°C, at least over thq time
periods considered during this study. Conversely, the compliances measured at 566°C and
649°C are clearly stress-dependent, which indicates nonlinear viscoplastic behavior at

these higher temperatures.
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From these results it is readily apparent that the thermoviscoplastic response of
Ti-15-3 is pronounced at all test temperatures considered. Creep rates increased with
increasing temperature and increasing stress, as would be expected. A very rapid
increase in viscoplastic behavior begins at stress levels above about 103.4 MPa and/or at

temperatures above about 566°C.

Constant Straln Rate Tests

In the constant strain rate (CSR) tests a variable tensile load was applied such that
a constant strain rate was induced in the specimen. Typical data sets are shown in
Figures 4 and 5. As indicated, strain was increased from zero to some maximum value

(typically 7 percent strain) at a constant rate, while the associated stress level varied as

11



dictated by the material response. Five different constant strain rates were imposed,
ranging from a relatively low strain rate (100 pm/m/sec) to a relatively high strain rate
(10,000 pm/m/sec).

Stress-strain data recorded during all CSR tests are presented in Appendix B. The
CSR response is presented at common temperatures of 482°C, 566°C, and 649°C in Figures
B1-B3, respectively. This same data is replotted in Figures B4 through B8, where the CSR
response is presented at common strain rates ranging from 100 to 10,000 pm/m/sec.
Two interesting characteristics should be noted. First, the Ti-15-3 alloy exhibited strain
softening at high strain levels during all CSR tests, i.e., at strain levels beyond yielding
the slope of the stress-strain curve was always negative. Secondly, in many tests the Ti-
15-3 specimens exhibited the “upper/lower yield point" phenomenon often observed in
low-carbon steels (e.g., see Figure 5c). This phenomenon was also encountered during
several of the cyclic constant strain rate (CCSR) tests, which will be described in a
following section.

Three general characteristics ,,éf the CSV:R data were monitered in an attempt to
identify overall trends. Namely, the:irnitiet modulus, the 6.2 eercent offset stress, and the

tensile strength. These variables were defined and measured as follows:

mmaLJdgduius_. The initial mgdglys was defined as the slope of the stress -strain

curve at relatwely low stress. values in most cases. there was ‘a Imear reglon in

which the moduluslwas readily dg§gern;bte in a tew cases the initial stress- stram

response of the material was not linear (especially at 649°C and at the lower strain
rates). In these cases an approximate modulus was determined by measuring the
slope of a line connecting the stress/strain values near the point (o0,e) = (0,0)
withthe stress/strain values at a stress equal to approximately 5t) percent of the

maximum stress encountered during the individual test.

0.2 percent offset (“yield") stress: The 0.2 percent offset stress will be referred to

as the “yield" stress in_this report, and was defmed in the same manner as the

That is, it is deﬂned by the pomt of mtersectlon

conventnonal offset yield stressf”

between the measured stress- stram response and a straight line with a slope equal

12



(069 ‘o8s/w/wr goL) €71 1seL Buung pauielgo sHnsey YSD v anbig

(w/w) ujeals

90°0 v0'0 ¢c0°'0 000
T T LI
i j
W ]
|
3 0f g
. 4 m
: n
. ) 7]
~ -00F =
. . T
- . 2
- -0S1
uledlS SA ssails (9)
(so9s) awil (0es) awjylL

009 00V 00¢ 0 009 oov 002

-0¢§

o001t

(edwy) ssans

o d

e ———
a3

H

awl] SA ssallg |eixy () awjll SA ulensS leixy

(e)

<00

v0°0

90'0

(w/w) wens



(D6Y9 ‘oos/wywtl 0ooS) 61 1oL Buung paurelqo sinsey HSO S e.nbig
(w/w) ujens
9070 vo'o 0’0 00°0
" T T T v T # 0 o
| i
. _ ~00t
: @
] A o©
: é
- -002 ~
L - =
] v
: 2
N ~o0¢€
ujellS SA ssalsg |eixy (9
(so8s) awilL (soes) sw|lL
g L ¢t 01t 8 9 1% c 0 91 ¢+ 21 01t 8 9 14 c 0
T T — o l_ T T T T T T T v T _l_ o,oh.c
[ ) w
i ” |
3 - \Qw L ! .
i - |
,T - 002 7] L . v0°0
: - = I y
ﬁ -3 |
ﬁ : = L 1900
F _oo0¢ 7 |
w : , |
w : ! -480°0
1 N 1 " " "

awny sA ssans |eixy (q aw|l sA ujens [eixy (e

(wyw) uiens



to the initial modulus, but with a strain offset of 0.2 percent. Note that since the
Ti-15-3 alloy exhibited pronounced viscoplastic behavior at the temperatures
considered during this study, the “yield stress” is not a material constant but rather

varies with both strain rate and temperature.

tensile strength: This parameter was defined as the maximum stress measured

during an individual CSR test for a particular temperature and strain rate.

The measured value of the initial modulus during all CSR tests is summarized in
Table 5 and plotted in Figure 6. The initial modulus is seen to be relatively insensitive to
strain rate, but generally decreases with increasing tempekature over the temperature
range considered. Average modulus values at 482°C, 566°C, and 649°C were 78.5 GPa
(11.4 Msi), 75.7 GPa (11.0 Msi), and 70.7 GPa (10.3 Msi), respectively. Thus, the increase
in temperature from 482°C to 649°C resulted in a 9.9 percent decrease in stiffness.
Johnson et al. [15] have reported a room temperature value of 104.8 GPa (15.2 Msi). Hence,
an increase from room temperature to 649°C (an increase of roughly 630°C) results in a

decrease in stiffness of about 33 percent for the Ti-15-3 alloy.

In contrast, the yield stress was found to be highly sensitive to both temperature
and strain rate. Measured yield strengths are presented in Table 6 and plotted in Figure 7.
As indicated, the yield stress increases with an increase in strain rate, and decreases
with an increase in temperature. It also appears that the yield stress may reach an
asymptotic limit with an increase in strain rate. The yield stress at 482°C approaches a
limiting value of about 600 MPa for strain rates greater than 5 x 107* m/m/sec. The
experimental trend seems to indicate that this same asymptotic limit may apply at higher

temperatures as well.

The tensile strength measured during each CSR test is shown in Table 7 and plotted
in Figure 8. The tensile strength was found to be highly sensitive to both temperature and
strain rate. As indicated, the tensile strength increased with an increase in strain rate,

and decreased with an increase in temperature.

15



Test No. Strain Rate Temperature Modulus
(m/m/sec) (°C) (GPa)
L-1 10-4 482 79.2
L-2 10-4 566 75.6
L-3 10-4 649 68.5
L-4 5x10-4 482 78.5
L-5 5x10-4 566 77.3
L-6 5x10-4 649 , 71.5
L-7 10-3 482 78.7 :
_L-8 10-3 566 76.5
L-9 10-3 649 72.5 :
L-10 5x10-3 482 79.2 L e i
L-11 5x10-3 566 75.5
L-12  5x10-3 649 71.4
L-13 10-2 482 76.8
L-14 10-2 566 73.6
L-15 10-2 649 69.6
Table 5: Initial Modulus of Ti-15-3 at Various Temperatures and Strain Rates.

x10'% o - ,
[] L] 1 ] I T
8.5 4
O 482 deg C
© 566 deg C :
8.0 * 649degC | -

Initial Modulus (Pa)

7.5 ]
! ] :
7.0 " - g
6.51 1 M 1 1 PN s 1 2 I N J=m= - :
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Straln Rate (m/m/sec) S !

Figure 6: Initial Modulus as a Function of Temperature and Strain Rate
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Test No. Strain Rate ‘Temperature Yield Stress

{m/m/sec) {°C) (MPa)
L-1 10-4 482 260
L-2 10-4 566 142
L-3 10-4 649 97
L-4 5x10-4 482 400
L-5 5x10-4 566 208
L-6 5x10-4 649 153
L-7 10-3 482 491
L-8 10-3 566 278
L-9 10-3 649 175
L-10 5x10-3 482 553
L-11 5x10-3 566 464
L-12 5x10-3 649 267
L-13 10-2 482 590
L-14 10-2 566 555
L-15 10-2 649 374

Table 6: Yield Stress of Ti-15-3 at Various Temperatures and Strain Rates.
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Figure 7: Yield Stress as a Function of Temperature and Strain Rate
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Cyclic Constant Straln Rate Tests

In the cyclic constant strain rate (CCSR) tests a time-varying load was applied such
that a cyclic constant strain rate was imposed. That is, strains were increased at a
constant rate until a maximum tensile strain was reached (typically 1.0% strain). Loading
was then reversed and strains were decreased at this same constant strain rate until a
maximum compressive strain was reached (typically —1.0% strain). Typical measurements
obtained during the first 3 cycles of CCSR test L18 are shown in Figure 9. This test was
conducted at a temperature of 649°C, and strain was increased/decreased at a constant
rate of 100 X 10-4 m/m/sec, as shown in Figure 9a. The associated stress vs time piot is
shown in Figuré 9b. Combining these data results inithé hylsié'rresis loop ghown in Figure
9c. This loading profile was repeated until the cyclic stress vs. strain behavior of the

material had stabilized.

The CCSR tests were difficult to accomplish. Several tests were clearly erroneous,
so the data were discarded and the test repeated; Also, the data collected by the Nicolet
XF-44 data acquisition was severely comamiriated by electronic noise. Although the
source of this noise has not been firmly established, it was almost certainly due to the
inductance furnace used to heat the specimens. Where possible, the electronic noise has
been removed from the data using a smoothing routine contained in a commercial ‘software
package.

The CCSR tests were conducted at the same five strain rates (100 to 10,000
um/m/sec) and three temperatures (482, 566, and 649°C) as were used during the CSR
tests.  Strain levels were lower during the CCSR tests, however. The maximum strain
levels im;{dsed during most of the CCSR tests were approximately 1% (exceptions are
described ibelow)f, ;v;h?iiag?thé maximum strain levels imposed during the CSR tests were

7 - 8%.

Specially-modified CCSR test cycles are required in_order to measure some of the
material parameters associated with the Miller [7] and Walker [10] models. Therefore the
loading history during six of the CCSR tests were specially modified to accommodate

these requirements. Specifically, tests L22, 123, and L24 were modified to accommodate
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Test No. Strain Rate Temperature Tensile Strength

(m/m/sec) (°C) __(MPa)
L-1 0-4 482 541
L-2 10-4 566 262
L-3 10-4 649 169
L-4 5x10-4 482 660
L-5 5x10-4 566 414
L-6 5x10-4 649 229
L-7 10-3 482 699
L-8 10-3 566 462
L-9 10-3 649 266
L-10 5x10-3 482 730
L-11 5x10-3 566 564
L-12 5x10-3 649 374
L-13 10-2 482 720
L-14 10-2 566 605
L-15 10-2 649 411

Table 7. Tensile strengths measured during constant strain rate tests of Ti-15-3 at
various temperatures and strain rates.
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Figure 8: Tensile Strength as a Function of Temperature and Strain Rate
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the Walker model, and tests L25, 126, and L27 were modified to accommodate the Miller
model. These special variations in the CCSR load history will be described separately in

later subsections.

The CCSR test results are presented in Figures G1 through C15, Appendix C. In
general, the stress-strain curves exhibit the familiar hysteresis loops commonly seen in
cyclic fatigue testing. The "shape” of the hysteresis loops changed with the number of
loading cycles in two ways. First, the total range in loading required to impose the
desired strain range varied as the number of loading cycles was increased. Secondly, the
slopes of the loading and unloading portions of the hysteresis loops changed with loading
cycles. The shape of the hysteresis loops generally stabilized after 15-30 cycles.

Three general characteristics of the CCSR data were monitored in an attempt to
identify overall trends. Namely, the "hysteresis loop width ratio", the "average unloading

modulus ratio®, and the "stress ratio™. These quantities were defined as:

Hysteresis Loop Width Ratio (HLWR)—The HLWR was defined as the hysteresis loop
width on the fourteenth CCSR cycle (measured along the strain axis at zero stress)

divided by the hysteresis loop width on the second cycle. Thus, an HLWR of 1.0
indicates that the hysteresis loop width during the fourteenth cycle was identical
to that measured during the second cycle. This parameter, along with the “average
unloading modulus ratio” (see below), indicates whether the material is becoming

more stiff (width ratio greater than 1.0) as the number of loading cycles increases.

Average Unloading Modulus Ratio (AUMR): The "average unloading modulus® (AUM) was

defined as the average of the slopes of the two lines connecting the (stress, strain)
point at the maximum tensile and compressive strains with the residual stress
value at zero strain for a given loading cycle. The AUM increases if the material
becomes stiffer and/or exhibits less time-dependent behavior as the number of
loading cycles increases. The "average unloading modulus ratio* (AUMR) was defined
as the ratio of the AUM during the fourteenth and second loading cycles. An AUMR
greater than 1.0 indicates that the material is stiffer and/or exhibits less time-

dependent behavior on the fourteenth cycle than it did on the second cycle.
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Stress Ratio (SR): The SR is defined as the sum of the absolute values of the tensile
and compressive stresses at the strain extremes of the fourteenth cycle divided by
the sum of the absolule values of the tensile and compressive stresses at the strain
extremes of the second cycle. This parameter indicates whether the material is
undergoing cyclic hardening (SR greater than 1.0) or cyclic softening (SR less than
1.0).

HLWRs are listed in Table 8 and plotted on Figures 10 and 11. In Figure 10 measured
HLWR are plotted against test temperalure, while in Figure 11 the HLWR are plotted
against strain rate. Note that at 482°C the hysteresis loops became narrower as the tests
progressed. At the higher temperatures hysteresis loop showed relatively little change
with loading, although the greatest HLWR were measured during the 566°C tests. The

HLWR increased with strain rate at all temperatures considered (see Figure 11).

Measured AUMR are listed in Table 9 and plotted against test temperature and strain
rate in Figures 12 and 13, respectively. No major trends regarding the AUMR were
identified. '

~ Measured SRs are listed in Table 10 and plotted against test temperature and strain

ré’tét i'nWFig'uresiti? aﬁéﬁ’sﬁ "'r'éfs‘beét’ively.’ Tﬁé';”Sﬁ;ﬁtéréSsé&’ with number 'BfTbéairig"Cycles

(10~4ss), indicating strain hardenmg At 566°C and 649°C however, strain softemng

occurred at the four fastest strain rates. SRs generally decreased with increasing strain
rate at all three temperatures That is, an increase in strain rate resulted in an increase
strain softening behavior. '

"A‘s ﬁiiv%uéﬁéﬁﬁio?fé& t'esfs Lﬁfﬁiﬁroﬁgﬁ’i‘fn t;iére "s;séciéiry’ﬁ’oiim*‘ccsn tests.

through L30) are’ presented'm Appértdtx C Frgures (03] through 6 and” Figures C13 through
C15, respectively. The specially modified CCSR tests will be discussed in the followmg

two subsections. -
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Test No. Strain Rate Temperature HWR
(m/m/sec) (°C)

L16 10-4 482 .635
L17 10-4 566 .930
L18 10-4 649 .989
L19 5x10-4 482 .704
L20 5x10-4 566 1.046
L21 5x10-4 649 .977
L22 10-3 482 _.792
L23 10-3 566 1.082
L24 10-3 649 .984
L25 5x10-3 482 .753
L26 5x10-3 566 1.036
L27 5x10-3 649 1.024
L28 10-2 482 .884
L29 10-2 566 1.121
L30 10-2 649 1.036

Table 8: Hysteresis Loop Width Ratio (HLWR) at various temperatures and strain rates
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Figure 10: HLWR as a Function of Strain Rate
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Test No. Strain Rate Temperature AUMR
(m/m/sec) {°C) )
L-16 10-4 482 ) .910 s
L-17 10-4 566 1.031 :
L-18 104 649 .945
L-19 5x10-4 482 .967
L-20 5x10-4 566 1.033
L-21 5x10-4 649 1.027
L-22 10-3 482 1.020
L-23 10-3 566 1.022
L-24 10-3 649 .942
L-25 5x10-3 482 .880
L-26 5x10-3 566 1.024
L-27 5x10-3 649 1.003
L-28 10-2 482 1.040
L-29 10-2 566 .981
L-30 10-2 649 .952
Table 9: Average Unloading Modulus Ratio (AUMR) at various temperatures and strain
rates. . : ,
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Figure 12: AUMR as a Function of Strain Rate
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Figure 13: AUMR as a Function of Temperature
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Test No. Strain Rate Temperature Stress Ratio
(m/m/sec) (°C)

L-16 10-4 482 1.044
L-17 10-4 566 1.240
L-18 10-4 649 1.045
L-19 5x10-4 482 1.061
L-20 5x10-4 566 .936
L-21 5x10-4 649 1.000
L-22 10-3 482 1.061
L-23 10-3 566 .939
L-24 10-3 649 .8970
L-25 5x10-3 482 1.019
L-26 5x10-3 566 .949
L-27 5x10-3 649 .968
L-28 10-2 482 1.001
L-29 10-2 566 .982
L-30 10-2 649 .946

Table 10: Stress Ratio (SR) at various temperatures and strain rates.
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Figure 14: Stress Ratio as a Function of Strain Rate
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Figure 15: Stress Ratio as a Function of Temperature

Modifications for the Walker Model, Tests L22, L23, and L24 were specially

modified to accommodate the Walker model. As described in Ref [10], the Walker model
requires that stress relaxation behavior be measured at several distinct strain levels.
Furthermore, it is required that these stress relaxation tests be initiated after the

material response has been stabilized during CCSR loading cycles.

The strain histories imposed during tests L22 through 124 are summarized in Table
11. A typical loading sequence will be described using test L22 as an example. Test L22
began by subjecting the specimen to 30 "normal® CCSR cycles. The initial 30 cycles are
referred to as "CCSR Cycle #1" in Table 11. The resulting 30-cycle stress-strain
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hysteresis loop is plotted in Figure C7a, Appendix C. A stress relaxation test was then
initiated during the tensile unloading portion of the 3ist cycle. That is, during the
unloading portion of the 31st cycle the crosshead of the MTS frame was suddenly stopped
s0 as to impose and maintain a constant strain of 0.80%, and the load was allowed to
increase or decrease as dictated by the speéirmen response. This portidn of the test is
referred to as "Stress Relaxation #1" in Table 11. 7The strain was held at 0.80% V«for 205
secs (3.4 min). A plot of the resulting stress vs time response is shown in Figure C7b.
Initially a rglatively high tensile stress of about 500 MPa was measured. The stress then
steadily decreased; after 205 secs the stress had decreased to about 240 MPa.

After Stress Relaxation #1 was completed the specimen was subjected to an
additional 20 CCSR cycles, referred to as "CCSR Cycle #2" in Table 11. The resulting
hysteresis loop is shown as Figure C7c. Note that the specimen response aimost
immediately stabilized during CCSR Cycle # 2. Also, the stabilized hysteresis loop shown
in Figure C7c is essentially identical to the corresponding hysteresis loop shown In Figure
C7a. Stress Relaxation #2 was initiated during the tensile unloading portion of the 51st
CCSR cycle. Strain was maintained at 0.70% for 205 secs, and the measured response is
shown in Figure C7d. Inthis case the stress was Initiélly ébodt 440 MPa, and decreased
to about 240 MPa after 205 secs. The specimen was subjected to a third set of 20 CCSR
cycles (Figure C7e), and subsequently stress relaxation was measured at a strain level of
0.60% (Figure C7f). The stress was initially about 375 MPa and decreased to about 240
MPa after 210 secs. The specimen was subjected to a fourth set of 20 CCSR cycles
(Figure C7g), and stress relaxation was measured at a strain level of 0.50% (Figure C7h).
The stress was initially about 300 MPa and decreased to about 215 MPa after 205 S6cs.
Finally, the specimen was subjected to a fifth set of CCSR cycles (Figure C7i), and stress
relaxation was measured at a strain level of 0.40% (Figure C7j). The stress was initially
about 230 MPa and decreased to about 165 MPa after 205 secs. '

Tests L23 and L24 followed similar loading sequences. The data obtained during

these tests are presented in Figures C8 and C9, respectively, in Appendix C.
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Modifications for the Miller Model, As described in Ref [7], the Miller model requires
that CCSR tests be conducted at progressively higher strain levels. Tests L25, L26, and

L27 were specially modified to accommodate these requirements. The strain histories

imposed during these tests will be described using Test L25 as an example.

Test L25 was conducted at 482°C. A cyclic constant strain rate of .005 m/m/sec
was used throughout the test. A total of 60 loading cycles were recorded during the test.
The test differed from "normal” CCSR tests in that three different maximum strain levels

were imposed. During the first 20 cycles the maximum strain was +0.6%, during the next

20 cycles the maximum strain was +1.0%, and during the final 20 cycles the maximum
strain was +1.2%. The stress-strain data collected during each interval are presented in
Figures C10ab, and c. Unfortunately, data collected during these tests were badly
distorted due to electronic noise. The noise is particularly severe at the lower strain
levels (see Figure C10a, for example). The source of this electronic noise is assumed to
be the inductance furnace used to heat the specimen.

Tests L26 and 27 were conducted at temperatures ot 566°C and 649°C respectively,

and at a cyclic constant stralnirate of 005 mlm/sec Maximum stralns of +0.6%, +1 0%.
and +1.2% were imposed during these tests as well The data'co_llected during these tests

are presented in Figures C1i(a-c) and CtZ(a-c) respectively.

Constant Stress Rate Tesis

During the constant stress rate (CoR) tests a linearly increasing tensile load was applied
to each specimen, resulting in a linearly increasing stress. The resulting strain rate was
allowed to increase or decrease as dictated by the specimen response. Typical CoR test
results are shown in Figure 16. - - 7 S

A total of four CoR tests were conducted as summarlzedfln Table 12. Two room

temperature CoR tests were conducted using |oadmg rates of 44.5 and 890 N/sec ‘which

correspond to constant stress rates of 26 and 52 MPa/sec respectrvely In addition, two

CoR tests were conducted at elevated temperatures of 482°C and 649°C using a loading

rate of 44.5 N/s, i.e., a constant stress rate of 2.6 MPa/sec.
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The stress-strain data recorded during the CoR tests are presented in Appendix D,
Figures D1 through D5. These data were collected during Tests L40 through L43. Some of
the pertinent features of the data are summarized in Table 12. Note that during the
initial (elastic) portion of these tests the constant' etress rates imposed correspond to
constant strain rates. For example, during test L-42 (conducted at 482°C) a constant
stress rate of 2.6 MPa/sec was imposed, and an initial elastic modulus and yield strength
of 66.8 GPa and 495 MPa, respectively, were measured. Therefore during the initial
(elastic) portion of this test a constant strain rate of (2.6 MPa/sec)/(66.8 GPa) = 39
pm/m/sec was induced. This strain rate is lower than the lowest strain rate used during
the constant strain rate (CSR) tests discussed in a preceding section. Based on the
conclusions reached during the CSR tests, the elastic modulus and yield strength
measured during the CoR tests should therefore be lower than those measured during the
CSR tests at the same temperature. Comparing the data presented in Table 12 with that
presented in Tables 4 and 5, it is seen that this is indeed the case. Thersfore, the CoR
data presented in Appendix D appears to be entirely consistent with the CSR and CSSR

data previously discussed.

Test Stress Temperature Elastic 0.2% Offset

No. Rate (°C) Modulus Yield Stress
(MPa/sec) _ (GPa) {MPa)
L-40 2.6 21 91.6 890
L-41 5.2 21 94.6 885
1 -42 2.6 482 66.8 495
L-43 2.6 649 54.5 165

Table 12: Results of Constant Stress Rate tests conducted at the NASA Langley Research
Center. ) _

Complex Tests

The "complex” tests were performed so as to provide benr:hmark results. The tests have 7
been prevrously listed in Tab,lﬁe 4, and all data collected during these tests are presented:
in Appendix E. Multr -step creep tests were performed on thefuw campus using the SATEC
creep frame, and multi-rate tests were performed at NASA-LaRC using the MTS frames.
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Seven multi-step creep tests were performed; five tests using fiberless Ti-15-3
specimens (Tests U31 and U33 through U36), one test using a [0°] unidirectional specimen
(Test U38), and one test using a [90°] unidirectional specimen (Test U41). In a typical test
a creep stress of 48.3 MPa (7 ksi) was applied and maintained for time t. At time t the
creep stress was doubled to 96.5 MPa (14 ksi) and maintained for an additional time t2.
Total test time was therefore (t1+ t2). Times t; and t2 are listed for ali multi-step creep
tests in Table 13. The data are plotted in Appendix E, Figures E1 through E7.

Seven multi-rate tests were performed; one test using a [0°] unidirectional
specimen (Test L33), three tests using a [90°] unidirectional composite specimen (Tests
L34, L35, L36), and three tests using crossply [0°/90°]s composite specimens (Tests L37,
L38, L39). The strain history imposed during tests L33 through L36 is shown
schematically in Figure E8. As indicated, strain was increased from zero at a constant
rate (nominally 0.0001 m/m/sec) over time increment ti. At time ti the crosshead
motion was reversed and strain was decreased at the same constant rate over time
increment (t2 - t;). At time t2 the crosshead motion was again reversed and strain was
increased at a high constant rate (nominally 0.001 m/m/sec) for time increment (t3 - t2).
At time 13 the crosshead was stopped, and strain was maintained a constant value e3 for
a time increment (t4 - t3). Numerical values for time and strains for tests L33 through
L36 are listed in Table 14. The stress-strain responses induced by these strain histories

are shown in Appendix E, Figures E9 through E12.

The strain history imposed during tests L37, L38, and L39 is shown schematically in
Figure E13 (specimen failure occurred during test L37, so the strain history shown In Fig
E13 was not completed for this test). Strain was increased from zero at a constant rate
(nominally 1X10-4 m/m/sec) over time tq. At time ty the crosshead was stopped, and
strain was maintained a constant value €y until time t2. Numerical values for each test
are listed in Table 15. The stress responses induced by these strain histories are shown

in Appendix E, Figures E14 through E16.
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Test | Specimen| Temp |Creep Time|Creep Time| Total Creep

Number Type (°C) |@ 48.3MPa|@ 96.5MPa| Test Time
(t1:50CS) (t2;5€CS) {secs)
U31 fiberless 482 66375 18168 84543
U33 | fiberless 566 12499 9533 22032
U34 |fiberless] 566 5958 8151 14109
U35 | fiberless 649 7386 989 8375
U36 | fiberless 649 6547 868 7415
U3s [0°) 566 71890 17818 89708
U41 [90°] 566 | 7860 | (failed) 7860

“r

ns for

“Creep Tests U31, U3

through U36, U38, and U41

Test} Spec | Temp €1 tq €2 t2 £3 t3 t4
No. | Type | (°C) |(um/m)|(secs)|(rm/m)|(secs)|(um/m)]|(secs)|(secs)
L33 0° 649 | 6540 | 66.2 | 2618 | 105.9] 6488 |110.1]180.4
L34 | 90° | 482 | 5376 | 64.9 | 2340 |104.8} 7067 | 111.0]721.9
L35 90° | 566 | 7013 | 68.7 | 2985 [ 108.5] 6570 }J112.1]723.7
L36 | 90° | 649 | 6983 | 68.3 | 2977 |108.2] 5483 | 110.7]726.1

Table 14: Cohditions'for Mdlrtri—%Rate Tests L33 tﬁfough L36

Test | Specimen | Temp €1 t1 t2

No. Type (°C) | (pm/m) (secs) (secs)

L37 | [0°/90°]s | 482 81561 97.6 (spec.

failure)

L38 | [0°/90°)s | 566 6875 74.5 644.5

_L39 [0°/90°]s | 649 6579 83.5 683.5

Table 15: Conditions for Multi-Rate Tests L37, L.38 and L38.
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Microstructural Changes

The crystalline microstructure of the Ti-15-3 specimens was inspected at
magnifications ranging from 100 to 5,000X using optical and scanning electron
microscopy. Inspections were completed for specimens Iin the as-received, annealed, and
creep-tested conditions. The objective of this inspection was to determine if any gross
changes in the crystalline microstructure had occurred during annealing and/or creep
testing at elevated temperatures. As discussed in a preceding section, Ti-15-3 is a
metastable beta-phase alloy. Of particular interest was whether the more stable (and
brittie) alpha phase would precipitate during annealing and/or creep testing. Also, it was
speculated that the uniaxial tensile creep loading might cause the grains to elongate in

the direction of loading.

Specimen Proparation. The specimens were prepared in the following manner. First,
three samples were machined from each tensile specimen, such that three orthogonal
planes could be inspected, as defined in Figure 17. The three samples were mounted in
phenolic resin and wet sanded in four stages, using 240, 320, 400 and 600 grit silicon
carbide paper. Next, the specimens were polished in four stages, using progressively finer
alumina powder (5/15, 1.0, 0.3 and 0.05 um dia) suspended in distiled water. The
specimens were cleaned in distilled water using an ultrasonic cleaner after each
polishing stage. After polishing, all three surfaces of the specimen appeared completely
smooth and featureless (at optical magnification levels). The specimens were then etched

Side View __/ Axial View

Figure 17: Surfaces Inspected Using Optical and Scanning Electron Microscopy
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using Kroll's reagent (HF-7, HNO3-18, Hp0-75) for fhree to five seconds. The Kroll's
reagent selectively etched the alpha-phase, thereby highlighting the size and shape of the
alpha grains while leaving the beta grains relatively intact. After etching, various
features of the grain structure could be easily identified using either an optical

microscope or an SEM.

Optical Microscopy. Inspections at magnification levels of 100 to 200X were
accomplished using a Nikon Optiphot Metallurgical Microscope equipped with a G1F filter
and Polaroid camera. Photographs of the “as-received” condition (i.e., neither heat
treated nor creep tested) are shown in Figure 18. Figures 18(a,b) show the top surface at
a magnification of 100X and 200X, respectively, while a side view is shown in Figure
18(c) at a magnification of 200X. The large beta grain structure is readily apparent at
both 100X and 200X. At a magnification of 200X, dark "pebbles” embedded within the
Vlarger beta grains become apparent. These dark pebbles are believed to be regions of
alpha phase although they may also be contaminants and/or voids. Assuming they are
alpha grains, they were apparently preclpltated during the HIP process used to fabricate
the laminated parent panel. Note that the original lamina interfaces are clearly visible in
Figure 18(c), even though they were not visible prior to etching. Sihce in many plapes the
beta grain boundaries extend across the original lamina interface, the specimen seems to
“have been very well consolidated during the HIP process. On the other hand, since the
-original interfacial regions are so readily apparent, the interfacial regions must be sites

for preferential alpha precipitation, contaminants, and/or void formation.

Figures 19(a) through (c) are sumnlar photographs of specimens which have been heat

treated and sub;ected to creep testmg anures 19(a b) show the top and side views,

respectively, of a speclmen tested at 566°C and subjected to a two- step creep stress of
48 and 97 MPa, while Figure 19(c) shows a side view pfw:ppecimen tested at 34.5 MPa and
649°C. It is immediately apparent that exposure to elevated temperature has caused
extensive precipitatipn pf pdditional alpha grains. It was also originally speculated that
the beta grain structure would become elongated (or otherwise distorted) during creep
loading of the specimen. No such distortion is apparent, however. The original beta grain

boundaries are still visible in Figure 19, and these boundaries are relatively undisturbed.

36



ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

Figure 18a - Optical microscope photograph of as received 13 ply neat
Ti-15-3 laminate (top view, 100x).

Figure 18b - Optical microscope photograph of as received 13 ply neat | |
Ti-15-3 laminate (top view, 200x). S
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Fzgure 18¢c - Opncal microscope photograph of as received 13 ply neat
Ti-15-3 laminate (31dc view, 200x)

ualiiam s s 1) Bt}
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- Figure 19a - Optical microscope photograph of heat treated 13 ply
neat Ti-13-5 laminate after creep testing at 566 C and 48/97 Mpa
(top view, 100x).

Figure 19b - Optical microscope rphotograph of heat treated 13 ply neat
Ti-13-5 laminate after creep testing at 566 C and 48/97 Mpa
(side view, 100x).
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Figure 19¢ - Optical microscope photograph of heat treated 13 ply neat
Ti-13-5 laminate after creep testing at 649 C and 34.5 Mpa
(top view, 200x).




Figure Stress Temperature | Test Duration | Total Strain
No. (MPa) (°C) (sec) (m/m)
20a 0 NA NA 0
20b 0 NA NA 0
20c 0 NA NA 0
21a 0 538 4.32x104 0
21b 0 538 4.32x104 0
21¢ 0 538 4.32x104 0
22a 48/97 482 8.50x10-4 .0070
22b 48/97 566 2.20x104 .0105
22¢ 48/97 649 8.50x103 .0255
23a 34.5 482 1.60x105 .0050
23b 34.5 649 7.50x104 .0260
23¢c 172.4 482 8.50x104 .0220
23d 172.4 649 105 .019

Table 16: Test Conditions for specimens shown in Figures. 20 through 23.

Scanning Electron Microscopy Photographs. A JEOL JSM-T330A Scanning Electron
Microscope with Polaroid Type 55 film was used to obtain photographs at magnifications
up to 5000X. A thin strip of colloidal graphite suspended in iso-propanol was painted on
each specimen to improve the electrical contact between the Ti-15-3 sample and the SEM.
An accelerating voltage of 15kV provided the best results. A series of SEM photographs

were obtained for specimens tested under the conditions summarized in Table 16.

Figures 20(a, b, and c) show the same site on a specimen at magnifications of 200X,
1000X, and 5000X, respectively. The specimen is in the as-received condition, and the
beta grain structure is clearly visible. The original lamina interface (the straight,
lightly-colored lines) are readily discernible in these photographs . Small amounts of
alpha are visible at the lamina interface, at beta grain boundaries, and at interior regions

of the beta grains.

Figures 21(a') through (c) show three orthogonal views of a specimen that was heat
treated at 538°C for 12 hours. Although the beta grain structure Is still discernible, note
the dramatic increase in the amount of alpha phase, compared to the as received specimen

shown in Figure 20.
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Figures 22(a,b,c) show specimens creep tested at 482, 566, and 649°C, respectively.
All photos were taken at a magnification of SOOOX: ”Igsi ‘apparent that the increase in

test temperature caused a decrease in the number of alpha grains but a corresponding

increase in average alpha grain size.

Finally, rFig:ureﬁsﬁﬁ??(a)ﬁth[pqggh (d):_are photﬁqgvrfaphsf of four”specimens which were

creep tested under varf!ousrcdhditions as listed in Table 16. Fig'urre 23 (a,b) show
specimens tested at a commdh ”srtress level of 34.5 MPa, and at temperatures of 482 and
649°C, respectively. Figure 23 (c,d) show specimens tested at a common stress level of
172.4 MPa, and at temperatures of 482 and 649°C, respectively. The two specimens
tested at 482°C (Figures 23a and c) have a larger number of alpha grains than do the
specimens tested at 649°C (Figures 23b and d), but the alpha grains are smaller at 482°C
than at 649°C. The specimens stressed at 34.5 MPa (Figure 23a and b) have somewhat
larger alpha grains than do those tested at 649°C (Fig. 23c and d), probably because of the

longer test times used at the lower temperatures.
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BLACK AND WHITE PHOTOGRAP

Figure 20a - SEM photograph of as received 13 ply neat Ti-15-3 iamina_t_c
(top view, 200x).

Figure 20b - SEM photograph of as received 13 ply neat Ti-15-3
laminate (top view, 1000x).
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BLACK AND WHITE PHOTOGRAPH

Srm 20000 S

Fxgure 20c - SEM photograph of as recewcd 13 ply neat T1 15-3 lammdte
~ (top view, 5000x)
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Figure 21a - SEM photograph of heat treated 13 ply neat Ti-15-3 laminate
( top view, 5000x). '

Figure 21b - SEM photograph of heat treated 13 ply neat Ti-15-3
laminate ( side view, 5000x).
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- " BLACK AND WHITE PHOTOGRAPH

rFigurc 21c¢ - SEM photograph of heat treated 13 ply neat Ti-15-3 laminate
(axial view, 5000x).
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e ORIGINAL PAGE e
~o o~ BLACK AND WHITE PHOTOGRAPH

Figure 22a - SEM photograph of heat treated 13 ply neat Ti-15:3
laminate after creep test at 482 C and 48/97 Mpa
(tOp ViEW, SOOOX). .

Figure 22b - SEM photograph of heat treated 13 ply neat Ti-15-3 laminate
' after creep test at 566 C and 48/97 Mpa o
' (top view, 5000x). '
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BLACK AND WHITE PHOTOGRAPH

- Figure 22¢ - SEM photograph of heat treated 13 ply neat Ti-15-3
,,,,,, . laminate after creep test at 649 C and 48/97 Mpa

(top view, 5000x).




BLACK AND WHITE PHOTOGRAPY

:

Figure 23a - SEM photograph of heat treated 13 piy neat Ti-15-3
laminate after creep test at 482 C and 34.5 Mpa (top view, 5000x).

15KU KS,000

Figure 23b - SEM photograph of heat treated 13 ply neat Ti-15-3 laminate
after creep test at 649 C and 34.5 Mpa (top view, 5000x).
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BLACK AND WHITE”PHQTOGRAPH

Figure 23c - SEM photograph of heat treated 13 ply neat Ti-15-3 laminate -
' after creep test at 482 C and 172.4 Mpa

(top view, 5000x).

Figure 23d - SEM photograph of heat treated 13 ply neat Ti-15-3
laminate after creep test at 649 C and 172.4 Mpa
(top view, 5000x).
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SUMMARY

An ongoing project at the University of Washington is to develop a combined
experimental-analytic methodology for predicting the thermoviscoplastic behavior of
multi-angle metal matrix compositeé (MMC's). The particular MMC being investigated in
the study consists of a titanium Ti-15-3 matrix reinforced with continuous silicon
carbide fibers. A requirement of the study is to identify a constitutive mode! which can
adequately predict the thermoviscoplastic behavior of Ti-15-3 at elevated temperatures.
Towards this end the models previously proposed by Bodner and Partom [3-5], Miller [6-9],
Walker [10], and Eisenberg [11,12] are being evaluated to determine if one (or more) of

these models can be used effectively.

The subject of this report is the experimental data base which has been generated in
support of the above analysis. Four distinct types of material characterization tests have
been conducted using “fiberless" Ti-15-3 laminates: creep tests, constant strain rate
tests, constant stress rate tests and cyclic constant strain rate tests. The tests have
been performed at three different elevated temperatures (482°C, 566°C, and 649°C). In
addition, several "complex” tests were conducted using both fiberless Ti-15-3 specimens
as well as unidirectional and cross-ply composite specimens. The general features of the
data collected during each test have been described in the body of this report, and plots of

all data collected are presented in the Appendices.

The authors believe that the data base described herein will be of broad interest to
the MMC technical community. The data is presented in this report in the form of graphs
and tables. However, if desired a copy of the original data files on computer diskettes can
also be obtained. The interested reader should contact the first listed author (Dr. M. E.
Tuttle, University of Washington) for instructions on obtaining a copy of the data on

computer diskettes.
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APPENDIX A

PLOTS OF DATA COLLECTED DURING CREEP TESTS
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APPENDIX B

PLOTS OF DATA COLLECTED DURING CONSTANT STRAIN RATE TESTS
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FigUre B1: Data Collected During CSR Tests at 482°C
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Figure B5: Data Collected During CSR Tests at 500 um/m/sec
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PLOTS OF DATA COLLECTED DURING CYCLIC CONSTANT STRAIN RATE TESTS
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Figure C7a: Data Collected During Modified CCSR Test at 482°C and 1000
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Figure C7e: Data Collected During Modified CCSR Test at 482°C and 1000
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Figure C8c: Data Collected During Modified CCSR Test at 566°C and 1000
pm/m/sec; CCSR Cycle #2
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Figure C8d: Data Collected During Modified CCSR Test at 566°C and 1000
um/m/sec; Stress Relaxation #2, Strain = 0.7%.
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Figure C8e: Data Collected During Modified CCSR Test at 566°C and 1000
um/m/sec; CCSR Cycle #3
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Figure C8f: Data Collected During Modified CCSR Test at 566°C and 1000
pm/m/sec; Stress Relaxation #3, Strain = 0.6%.
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Figure C8g: Data Collected During Modified CCSR Test at 566°C and 1000

pm/m/sec; CCSR Cycle #4
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Figure C8h: Data Collected During Modified CCSR Test at 566°C and 1000
pm/m/sec; Stress Relaxation #4, Strain = 0.5%.
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Figure C8i: Data Collected During Modified CCSR Test at 566°C and 1000
pm/m/sec; CCSR Cycle #5
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Figure C8j: Data Collected During Modified CCSR Test at 566°C and 1000
um/m/sec; Stress Relaxation #5, Strain = 0.4%. o '
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Figure C9a: Data Collected During Modified CCSR Test at 649°C and 1000
pm/m/sec; CCSR Cycle #1
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Figure Cgb Data Collected Dunng ‘Modified CCSR Test at 649°C and
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100



100

Stress (MPa)

]

-100

1

-200

L . . 1

-0.005 0.000 0.005

Strain (m/m)

Figure C9c: Data Collected During Modified CCSR Test at 649°C and 1000
pm/m/sec; CCSR Cycle #2 ,
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Figure C9e: Data Collected During Modified CCSR Test at 649°C and 1000
pm/m/sec; CCSR Cycle #3
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Figure C9f: Data Collected During Modified CCSR Test at 649°C and 1000
pm/m/sec; Stress Relaxation #3, Strain = 0.75%.
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Figure C9g: Data Collected During Modified CCSR Test at 649°C and 1000
pm/m/sec; CCSR Cycle #4
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Figure C9i: Data Collected During Modified CCSR Test at 649°C and 1000
pm/m/sec; CCSR Cycle #5
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Figure C9j: Data Collected During Modified CCSR Test at 649°C and 1000
pm/m/sec; Stress Relaxation #5, Strain = 0.65%.
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Figure C10a: Data Collected During CCSR Test at 482°C and 5000 um/m/sec;
Strain Range = 10.6%.
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Figure C10b: Data Collected During CCSR Test at 482°C and 5000 pm/m/sec;
Strain Range = 11.0%.
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Figure C10c: Data Collected During CCSR Test at 482°C and 5000 um/m/sec;
Strain Range = +1.2%.
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Figure C11a: Data Collected During CCSR Test at 566°C and 5000 um/m/sec;
Strain Range = 1£0.6%.
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Figure C11b: Data Collected During CCSR Test at 566°C and 5000 pm/m/sec;
Strain Range = £1.0%.
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Figure C11¢c: Data Collected During CCSR Test at 566°C and 5000 um/m/sec;
Strain Range = +1.2%. R
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Figure C12a: Data Collected During CCSR Test at 649°C and 5000 um/m/sec;
Strain Range = 10.6%.
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Figure C12b: Data Collected During CCSR Test at 649°C and 5000 um/m/sec;
Strain Range = +1.0%.
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Figure C12c: Data Collected During CCSR Test at 649°C and 5000 pm/m/sec;
Strain Range = 11.2%.
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Figure C13: Data Collected During CCSR Test at 482°C and 10000 um/m/sec
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Figure C14: Data Collected During CCSR Test at 566°C and 10000 um/m/sec
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Figure C15: Data Collected During CCSR Test at 649°C and 10000 um/m/sec
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APPENDIXD

PLOTS OF DATA COLLECTED DURING CONSTANT STRESS RATE TESTS
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Figure D1: Data Collected During CoR Test at 21°C and 2.6 MPa/sec
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Figure D2: Data Collected During CoR Test at 21°C and 5.2 MPa/sec
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Figure D3: Data Collected During CoR Test at 482°C and 2.6 MPa/sec
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Figure D4: Data Collected During CoR Test at 649°C and 2.6 MPa/sec
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APPENDIX E

PLOTS OF DATA COLLECTED DURING "COMPLEX" BENCHMARK TESTS
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Figure E1: Strains Measured During Multi-Step Creep Test U31 (482°C)
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Figure E2: Strains Measured During Multi-Step Creep Test U33 (566°C)
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Figure E3: Strains Measured During Multi-Step Creep Test U34 (566°C)
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Figure E4: Strains Measured During Multi-Step Creep Test U35 (649°C)
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Figure E6: Strains Measured During Multi-Step Creep Test U38 (649°C)
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Figure E7: Strains Measured During Creep Test U41 (649°C)
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Figure E9(a): Strains Measured During Constant Strain-Rate Portion of Test
L33 (649°C)
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Figure E9(b): Stresses Measured During Stress Relaxation Portion of Test
L33 (Strain = 6488 um/m; 649°C)
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Figure E10(a): Strains Measured During Constant Strain-Rate Portion of Test
L34 (482°C)
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Figure E10(b): Stresses Measured During Stress Relaxation Portion of Test
L34 (Strain = 7067 pm/m; 482°C)
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Figure E11(b): Stresses Measured During Stress Relaxation Portion of Test
L35 (Strain = 6570 pm/m; 566°C)
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Figure E12(a): Strains Measured During Constant Strain-Rate Portion of Test
L36 (649°C)
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Figure E12(b): Stresses Measured During Stress Relaxation Portion of Test
L36 (Strain = 5483 pm/m; 566°C)
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Figure E13: Strain History Applied During Multi-Rate Tests L37 through L39
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Figure E15(a): Strains Measured During Constant Strain-Rate Portion of Test
L38 (566°C)
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Figure E15(b): Strains Measured During Stress Relaxation Portion of Test
L38 (Strain = 6875 pm/m; 566°C)
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